We describe a procedure for combining pre-embedding peroxidase immunocytochemistry with pre-embedding autoradiographic in situ hybridization in the same vibratome sections of paraformaldehyde-fixed brain tissue. The simultaneous detection of Met-enkephalin (Met-e&)-immunoreactive product and pro-enkephalin (PE) mRNA in neurons of the magnocellular dorsal nucleus (MDN) in the guinea pig hypothalamus was carried out as a model for this procedure. Vibratome slices were processed for Met-enk immunodetection followed by the incubation with a 45-base synthetic oligonucleotide complementary to PE mRNA labeled with 35S. Tissues were embedded in araldite, cut into semithin sections, and processed for autoradiography. Many
Introduction
In the endocrine and the nervous system, many studies have focused on the identification of biologically active peptides by the use of immunocytochemical methods. During the last decade, the development of the in situ hybridization techniques allowed the analysis of various mRNAs expressed in such tissues. More recently, it appeared of particular interest to correlate the presence of mRNA with that of its protein product.
Several laboratories have been interested in determining the conditions that would permit simultaneous localization of proteins and sequences of mRNA in individual cells. Most experiments concerning the combination of immunocytochemistry and in situ hybridization were applied on frozen sections (3,5-9,12). The poor histological preservation of the tissue and the weak spatial resolution of the autoradiographic signal inherent to the use of these methods neurons double labeled for Met-enk and PE mRNA were viewed in the MDN. The histological quality and the spatial resolution of both signals were optimized, since precise intracellular localization of hybridization sites was possible. This method allows simultaneous study of peptide immunoreactivity and mRNA expression levels in neurons within the same semi-thin sections. It may be useful for a variety of quantitative analyses, and might also be extended to ultrastructural analysis. ( J Hisrochem Cyrochem 40:
supported the development of combined techniques adequate for thinner and non-frozen sections.
Plastic embedding can be used to detect mRNA and provides high histological quality (4,ll). Our procedure varies from previously published ones (4) in that simultaneous detection of protein and encoding mRNA is performed on the same semi-thin sections. A novel approach of combined pre-embedding immunocytochemistry and in situ hybridization was applied on vibratome slices which were embedded in araldite and recut in semi-thin sections.
We present here as a model the detection of pro-enkephalin (PE) mRNA with the immunolocalization of Met-enkephalin (Metenk) in the hypothalamic magnocellular dorsal nucleus (MDN) of the guinea pig brain.
Materials and Methods
Tissue Preparation. Adult male guinea pigs weighing 400 g were anesthetized with ketamine (20 mg/kg)-xylazine (0.2 ml/kg). A cannula was implanted into the heart and animals were perfused with 150 ml of saline for 30 sec, followed by 700 ml of fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. After dissection the brain was postfixed in the same fixative for 1 hr at 4'C and then cut with a vibratome into 100-pm thick frontal sections, which were collected in 0.1 M phosphate buffer at 4'C.
Preparation of Probe. In situ hybridization was performed with a 45-base oligodeoxyribonucleotide probe from Genofit (b-PPA 45; Geneva, Switzerland) corresponding to amino acids 85-99 of the bovine pro-enkephalin. This probe was labeled by addition of a tail of d-ATP 50 ng of the oligonucleotide probe were incubated with 4 p1 of ["SI-deoxyadenine triphosphate (1350 Cilmmol; New England Nuclear, Boston, MA) and 7 units terminal deoxynudeotidyl terminal transferase (TdT; Amersham, Poole. UK) in terminal transferase buffer (Na-cacodylate, 1 M; MnC12, 1 mM; MgC12, 1 mM; dithiothreitol, 1 mM). After separation from unincorporated nucleotides by Sephadex G-50 gel filtration chromatography, the radiolabeled probe was stored at -20% in ethanol-acetate and used within a week of labeling. The specific activity of the probe was 12 x IO* cpm/pg.
Immunocytochemistry. Vibratome sections including the MDN were processed for Met-enk immunocytochemistry. The indirect immunoperoxidase method was applied according to a technique previously described (1). The steps included: PBS containing 1% normal goat antiserum and 1% bovine serum albumin; Met-enk antiserum (gift from Dr G. Tramu), 1:600 in Coons' buffer and Triton 0.05% for 12 hr at 4'C; Coons' buffer, twice for 15 min; horseradish peroxidase-conjugated F(ab)2 fractions of goat anti-rabbit IgGs (Biosys; Compiegne, France), 1:lOO in Coons' buffer for 1.5 hr; Eis buffer, twice for 15 min. The peroxidatic activity was visualized with 3,3'-diaminobenzidine tetrahydrochloride (5 mg/lO ml Tris) and hydrogen peroxide (10 pIl10 ml Tris); Tris buffer, twice for 15 min.
In Situ Hybridization. The hybridization method was performed according to Guitteny et al. (4), with slight modifications. The immunocytochemical labeling for Met-enk was followed by a pre-hybridization step for the vibratome sections and the in situ hybridization with the PE oligonucleotide. Sections were immersed in the pre-hybridization buffer [loo ml 4 x standard sodium citrate (SSC), 1 ml 100 x Denhardt solution] for 1 hr at room temperature under gentle agitation. They were rinsed twice in the hybridization buffer: 10 ml8 x SSC; 10 ml deionized formamide; 1 ml2O x sarcosyl; 2 ml 1.2 M phosphate buffer; 200 pl 100 x Denhardt solution; 10 mM dithiothreitol.
Ten sections per vial were immersed in 1 ml hybridization buffer containing 25 ng of labeled probe and 10 mM dithiothreitol and incubated overnight at 30°C under gentle agitation in a water bath. After hybridization, sections were rinsed in 4 x SSC for 1 hr at room temperature and 1 hr at 40'C, then in 0.1 x SSC for 1 hr at 40'C. They were then osmicated with 1% osmium tetroxide in 1 x SSC buffer for 30 min. Sections were dehydrated in methanols and propylene oxide according to the standard technique, quickly impregnated in a mixture of araldite/propyIene oxide (M), and finally embedded in araldite at 56°C for 12 hr. Slices were cut into serial 1.5-pm thick semi-thin sections, which were deposited on glass slides, Slides were dipped in Amersham LM1 emulsion, exposed at room temperature for 14-21 days, and developed in Kodak D-19 developer and Kodak fix. Double-labeled sections were viewed under a light microscope without counterstaining.
Controls. The specificity tests for the Met-enk antiserum have been previously described (1,lO) . The specificity of the immunocytochemical reaction was controlled by replacing the primary antiserum with a non-immune rabbit serum and with incubation in primary antiserum previously adsorbed by its immunogen. Concentrations between lo-' and M of Met-enk were able to abolish the immunostaining.
The specificity of the oligonucleotide probe and the hybridization reaction was established by several controls, the best control being that neurons exhibited both enkephalin immunoreactivity and PE mRNA. Unrelated probe (rat vasopressin, r-AVP-45la; Genofit) gave a different pattern of labeling (data not shown). Twenty times more unlabeled PE probe which was added to the labeled PE probe inhibited the specific signal.
To control for artifacts arising from possible interactions between the probe and the immunocytochemical labels in tissue sections, immunocytochemically processed tissue without the probe was dipped in Amersham LMl emulsion and developed. No grain accumulations were present.
Results
In preliminary studies, we found that we could localize either Metenk or its encoding precursor mRNA on separate vibratome slices with the pre-embedding immunocytochemical reaction or with in situ hybridization in the MDN of the guinea pig. In a second step, we tested whether the sequential detection of Met-enk and its mRNA on the same vibratome slice could be achieved by use of the same respective methodological conditions. Whereas the autoradiographic signal was present in the entire thickness of vibratome slices, the immunoreaction was detected near the surface. Therefore, to observe simultancously the structures labeled with Met-enk antiserum and the PE oligonucleotide probe, the semi-thin sections were taken from vibratome slices at a distance of 5-10 pm beneath the surface.
On frontal semi-thin sections, a population of neurons labeled with both the immunoreaction product and the nucleic acid probe was located in a region corresponding to the MDN. All cells containing the Met-enk immunoreactivity also contained the hybridization signal (Figure 1) . During microscopic observation, the respective signals were clearly visible. Due to the emulsion thickness, different focuses made easier the visualization of either immunodeposits ( Figures 1B and 1E ) or silver grains (Figures lA, lC , and ID) with optimal precision in the sample.
Many peroxidatic immunoprecipitates overlaid the entire cytoplasm of positive cells. Immunoreactive processes originating from cell bodies and punctate structures found beside the magnocellular neurons were often observed. Nuclei were never labeled.
In the MDN, the autoradiographic signal was present within all immunopositive perikarya. It did not result in very strong labeling, but since background silver grains were almost nonexistent the hybridization signal obtained can be regarded as very significant. The spatial resolution of the autoradiographic signal was very efficient. The originating somata process is labeled only for Met-enk (white arrow). In B, the adjustment of the same neurons is focused on the immunoreaction. Note that some small punctate structures are double labeled (black arrowheads). (C-E) Three slightly different focuses of a double-labeled neuron in the MDN. In C, the photograph is focused on the autoradiographic signal which overlies the entire cytoplasm except for one process originating from the soma. Note that this process is labeled for Met-enk. In D, a middle adjustment of the micrograph for the immunoreaction and the in situ hybridization signal is performed. In E, the peroxidatic reaction alone is focused and appears as small dark precipitates. Original magnification x 1000. Bar = 25 pm.
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Silver grains were seen overlying either the entire cytoplasm or only a part of it ( Figure 1A) . Nuclei of cells were not labeled. Aside from the neurons, some immunopositive punctate structures displayed hybridization signal. The immunoreactive processes originating from the cell bodies were often negative for the hybridization reaction, except sometimes in their proximal part (Figures lC, lD,  and 1E ). These observations attested to the specificity of the double labeling, since silver grains did not systematically bind to immunopositive polymers.
Discussion
The present work describes a novel sequential method allowing the simultaneous detection of a peptide and its encoding mRNA in the same section by immunocytochemistry and in situ hybridization. Both reactions were carried out by using pre-embedding approaches performed on vibratome slices.
In the literature, combination of immunolabeling for peptides with detection of mRNA by in situ hybridization has been described but was performed on 10-pm thick cryostat-cut sections (3,6-9,12). However, the thickness of such sections led to a restricted spatial resolution of the autoradiographic labeling and the freezing induced a poor quality of histological material. These drawbacks are avoided here, since reactions are performed on vibratome sections that were recut into semi-thin sections. It was established that mRNA could be detected on plastic-embedded semi-thin sections by using in situ hybridization on vibratome slices (4,ll). The mRNA-oligonucleotide complexes remained stable even after the dehydration and embedding procedure.
One approach to a combination of a pre-embedding hybridization reaction on vibratome slices and immunocytochemistry on semi-thin sections has been described in the literature (4). Semithin serial sections were either processed for autoradiography or treated with an antiserum by means of apost-embedding approach. Here, both reactions are performed according to a pre-embedding method which allows the observation of both signals within the same semi-thin section. Therefore, our approach could be used for the simultaneous observation of a peptide and an mRNA at the electron microscopic level using a similar procedure.
The penetration of our oligonucleotide probe into the vibratome slices was :omplete, since semi-thin sections displayed a signal at any depth. On the contrary, it was well established that the penetration of the Met-enk antiserum was restricted to a depth of 15 pm from the surface of slices. Therefore, to observe doublelabeled structures, frontal semi-thin sections might be cut within a limited depth range from the surface of vibratome slices. In our study, the immunocytochemical reaction was applied before the in situ hybridization because (a) the antigen could be denatured during the various incubations of hybridization reaction (9) and (b) when the immunoreaction is performed after hybridization, hybridized mRNA could be lost from the sections during the immunocytochemical procedure and the hybridization sensitivity thus decreased ( 5 ) .
To develop our technique, we used a model known to contain many Met-enk neurons (i.e., the MDN of the guinea pig), according to previous pre-embedding immunoperoxidase studies (2,lO) . The specificity of our probe has been previously confirmed for hybridizing guinea pig mRNA and by comparing distribution of hybridization signal with immunoreaction against Met-enk. The specificity of both reactions was attested to by the characteristic location of double-labeled neurons in the MDN of the guinea pig. We did not observe nonspecific binding of nucleic acid probe linked to the diaminobenzidine reaction product (a) because silver grains were absent when immunocytochemically labeled semi-thin sections without the probe were dipped, (b) by the observation of some unhybridized but immunopositive structures and neuronal processes in the MDN, and (c) by the absence of radiolabeling in the immunopositive neurons of the MDN using the vasopressin probe.
The distribution of both signals matched the distribution generally expected for immunoreaction or in situ hybridization mRNAs, respectively. The intensity of each signal from double-labeled neurons was similar to the reaction obtained when immunocytochemistry and in situ hybridization were performed on separate vibratome sections in the MDN. Since the sections were 1.5 pm thick, the intensity of the immunoreaction was what could be expected. Moreover, the resolution of the immunoreaction in semi-thin sections was very efficient, and immunoprecipitates very likely corresponded to granules.
As expected, the preservation of histological tissue and the spatial resolution of the autoradiographic signal were optimized in comparison with frozen sections. This ensured a precise localization of silver grains. With the radioactive probe, the subcellular distribution of the mRNA was clearly visible. Unlike the immunoreaction that was present within the entire cytoplasm, the mRNA-containing subcellular structures (i.e., endoplasmic reticulum and ribosomes) were not uniformly distributed in the entire neuroplasm. This was attested to by the accurate cell-by-cell comparison of mRNA distribution on serial semi-thin sections.
Because of the use of a pre-embedding immunoreaction, the antigens were not modified or denatured. In addition, the paraformaldehyde fixative is compatible with the detection of many antigens. Consequently, it can be expected that this combination of cytochemical methods should be applicable to the detection of many antigens. Various peptides and mRNAs may be detectable by use of the presently described method.
The good resolution of immunoperoxidase labeling and autoradiographic signal makes conceivable the quantification of peptide product and mRNA level in double-labeled neurons. The presently described method may be useful for studies on variations in gene expression, degradation, transport, and secretion of proteins in situ.
The good histological aspect of the tissue in semi-thin sections predicts good preservation of fine structures at the ultrastructural level. Since the combined reaction is performed according to a sequential pre-embedding method and the osmication does not interfere with both labelings, simultaneous ultrastructural detection of a protein and an mRNA encoding for this protein or another peptide is conceivable with our approach. In this case, it would be necessary to use a low-energy particle isotope as label for in situ hybridization.
In conclusion, the present results demonstrate the efficiency of our sequential combination of pre-embedding immunocytochemistry and in situ hybridization to detect a protein and its encoding mRNA on same semi-thin section. This method has great promise for many applications.
